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Abstract 

Polymers  are  becoming  increasingly  used  in  aerospace  structural  applications,  where  they  experience  complex,  non-static  loads.  Correspond¬ 
ingly,  the  mechanical  properties  at  high  strain  rates  are  of  increasing  importance  in  these  applications.  This  paper  presents  an  investigation  of  the 
properties  of  Dupont  9B  polytetrafluoroethylene  (PTFE)  across  strain  rates  from  10-3  to  105  s_1.  The  samples  were  tested  using  an  Instron  me¬ 
chanical  testing  machine  for  static  loading,  traditional  split  Hopkinson  pressure  bars  (SHPBs)  for  high  strain  rates,  and  a  miniaturized  SHPB  for 
ultra-high  strain  rates.  Additionally,  the  material  was  tested  using  dynamic  mechanical  analysis  to  determine  the  effects  of  time— temperature 
superposition  on  the  strain  rate  behavior  of  the  samples.  The  results  of  the  experiments  are  analyzed  using  the  Zerilli— Armstrong  model  for 
polymers,  which  shows  good  agreement  with  other  PTFE  studies. 

©  2007  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

Polytetrafluoroethylene  (PTFE),  or  Teflon* 1,  is  used  in  small 
high-performance  parts  due  to  its  low  coefficient  of  friction  and 
resistance  to  wear  and  chemical  corrosion.  Although  some 
studies  on  the  compressive  properties  of  PTFE  across  a  range 
of  strain  rates  and  temperatures  have  been  presented  in  the 
literature  [1—3],  until  recently  importance  was  not  placed  on 
the  processing  history  of  the  material  prior  to  testing  [4—11]. 
However,  the  processing  route  used  to  prepare  the  PTFE  can 
greatly  affect  the  crystallinity  of  the  material,  which  is  known 
to  influence  the  strength  and  deformation  behavior  [4,5]. 

Polytetrafluoroethylene  is  a  complicated  semi-crystalline 
material  that  undergoes  crystalline  phase  changes  at  19  °C 
from  phase  II  to  phase  IV  and  at  30  °C  from  phase  IV  to  phase 
I,  at  ambient  pressure  [7].  While  phases  II  and  IV  are  rigor¬ 
ously  crystalline,  phase  I  is  sometimes  described  as  mesophase 
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[12].  In  addition,  the  amorphous  PTFE  undergoes  three  relax¬ 
ations,  y  and  a,  which  are  similar  to  glass  transitions  and  (3, 
which  encompasses  the  crystalline  phase  transitions  between 
phases  II,  IV,  and  I  [4,13].  PTFE  can  be  thought  of  as  a 
two-phase  structure,  similar  to  a  particulate  composite,  with  a 
“rigid”  crystalline  phase  in  a  matrix  of  a  “softer”  amorphous 
phase.  Similar  to  particulate  composites,  increasing  the  frac¬ 
tion  of  crystalline  material  will  increase  the  strength  of  the 
sample.  The  crystalline  phase  has  been  shown  to  have  a  strong 
effect  on  whether  fracture  of  PTFE  is  brittle  (phase  II)  or  duc¬ 
tile  (phases  I  and  IV)  [7].  Additionally,  the  elastic  modulus 
and  fracture  stress  of  PTFE  has  been  shown  to  have  a  strong 
pressure  dependence  [14].  In  particular,  the  pressure  depen¬ 
dence  of  the  elastic  modulus  has  been  shown  to  be  bilinear 
resulting  from  the  shift  of  a  low  temperature  relaxation  with 
applied  hydrostatic  pressure  [14]. 

The  high  rate,  large-strain  mechanical  properties  of  poly¬ 
mers  are  of  great  scientific  and  industrial  importance.  The  first 
study  of  the  stress— strain  behavior  of  polymers  over  a  wide 
range  of  strain  rates  is  usually  regarded  as  being  that  of 
Chou  et  al.  [15],  who  examined  the  behavior  of  polymethyl 
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methacrylate  (PMMA),  cellulose  acetate  butyrate,  polypropyl¬ 
ene  and  nylon  66,  in  compression,  using  a  ‘medium  strain-rate 
machine’  and  a  split  Hopkinson  pressure  bar  (SHPB)  [15].  In 
particular,  he  plotted  the  mechanical  strength  of  these  mate¬ 
rials  as  a  function  of  strain  rate.  Whilst  it  was  expected  that 
the  stress  supported  at  a  given  strain  would  be  a  linear  function 
of  log(e),  where  k  is  the  strain  rate,  it  was  in  fact  found  that  at 
high  rates  this  stress  increased  more  quickly.  An  increase  in 
the  strain  rate  dependence  of  yield  stress  was  also  observed 
by  Briscoe  and  Hutchings  [16]  and  Kukureka  and  Hutchings 
[17]  for  high  density  polyethylene  (HDPE).  However,  doubt 
was  cast  on  the  validity  of  the  measurements  by  Briscoe  and 
Nosker,  who  considered  carefully  the  effects  of  friction  and 
specimen  response  in  the  Hopkinson  bar  [18,19],  and  Brown 
et  al.  [20],  who  investigated  several  forms  of  polyethylene 
(PE).  They  concluded  that  in  fact  the  yield  strength  of 
HDPE  is  linear  in  log(e). 

Walley  and  Field  [3]  examined  the  behavior  of  a  large  num¬ 
ber  of  polymers,  at  room  temperature,  over  strain  rates  ranging 
from  10-2  to  104  s_1,  taking  great  care  to  use  suitable  lubrica¬ 
tion  and  specimen  sizes  to  reduce  friction  and  inertia.  Again, 
they  plotted  the  yield  stress  as  a  function  of  log(e),  and  found 
that  the  different  materials  fell  into  three  different  groups: 

•  A  linear  relationship,  with  no  change  at  higher  strain  rates. 

•  A  bilinear  behavior  with  a  sharp  increase  in  gradient  at 
a  strain  rate  of  ~  103  s_1. 

•  A  decrease  in  maximum  stress  at  a  strain  rate  of  ~  103  s-1, 
possibly  followed  by  an  increase. 

In  addition  to  strain  rate,  temperature  has  an  important 
effect  on  the  mechanical  properties  of  polymers.  Bauwens— 
Crowet  conducted  a  series  of  compression  experiments  on 
PMMA  at  rates  between  10-4  and  1  s-1  [21].  Each  of  these 
rate  sweeps  was  repeated  every  20  °C  between  —20  and 
100  °C.  The  dependence  of  yield  stress  on  strain  rate  and  tem¬ 
perature  was  reported,  and  using  a  time— temperature  superpo¬ 
sition  they  extended  the  range  of  the  experiments  to  106  s  1  at 
100  °C.  In  addition,  the  material  was  tested  at  a  strain  rate  of 
4  x  103  s  1  over  a  range  of  temperatures.  Both  sets  of  data 
showed  a  bilinear  relationship,  with  increased  strength  at 
high  strain  rates  and  at  low  temperatures.  In  earlier  papers, 
Bauwens  and  colleagues  had  investigated  PC  in  compression 
over  a  range  of  temperatures,  and  found  a  similar  relationship 
[22,23].  This  behavior  was  attributed  to  the  different  mole¬ 
cular  relaxations  in  the  material.  At  high  temperatures  or 
low  strain  rates  only  the  a  relaxation  (glass  transition)  plays 
a  role  in  the  polymer  behavior,  whilst  at  low  temperatures 
and  high  strain  rates,  the  effect  of  the  (3  relaxation  is  added 
to  that  of  the  a.  The  authors  developed  a  model  to  explain 
the  behavior,  and  this  was  also  used  by  Rietsch  and  Bouette 
[24].  More  recently,  Siviour  et  al.  [25,26]  performed  experi¬ 
ments  on  polycarbonate  (PC)  and  polyvinylidene  fluoride 
(PVDF).  Using  temperature— strain  rate  equivalence,  they 
identified  how  the  different  molecular  transitions  affected  the 
strain  rate  dependence  of  material  strength.  An  excellent  paper 
by  Mulliken  and  Boyce  [27]  further  showed  how  shifting  data 


from  DMA  curves  can  be  used  to  develop  the  physically  based 
understanding  behind  a  predictive  model  for  high  strain  rate 
behavior  of  polymers. 

Although  several  models  for  PTFE  have  been  applied  in  the 
literature  [28—30],  the  Zerilli— Armstrong  model  was  chosen 
for  this  work  due  to  familiarity  with  the  model.  The  Zerilli— 
Armstrong  model  for  polymers  [31—36]  is  based  on  thermally 
activated  flow  under  applied  shear  stress  through  movement  of 
“flow  units”,  which  overcome  local  obstacles  (i.e.,  potential 
barriers)  to  displacement.  The  model  addresses  the  tempera¬ 
ture,  pressure  and  strain  rate  dependence  of  a  3-D  isotropic 
polymer;  neglects  the  small  plastic  component  of  strain  in 
hydrostatic  compression,  brittleness  and  fracture  associated  with 
low  temperature  or  high  strain  rate;  and  includes  creep  and 
long  term  relaxation  effects.  The  viscoelastic  component  of 
the  model  is  represented  by  Maxwell— Weichert  linear  elements 
with  a  non-linear  thermal  activation  dashpot  providing  a  visco¬ 
plastic  contribution.  A  detailed  presentation  of  the  equations 
describing  this  model  is  presented  by  Zerilli  and  Armstrong 
[36].  For  the  uniaxial  stress  (a)  case,  assuming  an  incompress¬ 
ible  material,  the  three-dimensional  equations  reduce  to 


where  the  sub/superscript  k  represents  the  Maxwell— Weichert 
elements,  the  sub/superscript  p  indicates  the  plastic  component 
of  the  stress  and  strain,  e  and  e  are  the  strain  and  strain  rate, 
respectively,  K  is  the  volume  and  temperature  dependent 
bulk  modulus,  and  Gk  and  Tk  are  the  modulus  and  relaxation 
times  of  the  Maxwell— Weichert  elements.  The  plastic  stress 
is  defined  by  Eqs.  (19)— (23)  of  Zerilli  and  Armstrong  [36]. 

This  paper  presents  results  from  recent  experiments  inves¬ 
tigating  the  quasi-static  and  high  strain  rate  compressive  prop¬ 
erties  of  extruded  PTFE  rod.  The  effect  of  annealing  the 
extruded  rod  to  reduce  residual  stresses  is  also  investigated. 
The  results  are  compared  to  the  Zerilli— Armstrong  model 
for  polymers. 

2.  Experimental  procedure 

2.7.  Sample  preparation 

A  3/4”  diameter  rod  of  ram-extruded  Dupont  9B  Teflon 
[37]  (Fluoro-plastics,  Philadelphia,  PA)  was  machined  to 
make  cylindrical  compression  samples  parallel  to  the  extrud¬ 
ing  direction.  The  samples  were  tested  in  the  as-received  state 
as  well  as  after  annealing  to  remove  residual  stresses  from  the 
extrusion  process.  The  annealing  regime  recommended  by  the 
manufacturer  is  as  follows:  28  °C/h  to  260  °C,  hold  1  h;  14  °C/h 
to  204  °C,  hold  1/2  h;  28  °C/h  to  room  temperature. 
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2.2.  Experimental  set-up 

The  as-received  and  annealed  samples  were  characterized 
by  differential  scanning  calorimetry  (DSC),  thermomechanical 
analysis  (TMA),  and  dynamic  mechanical  analysis  (DMA)  to 
determine  the  effects  of  annealing  on  the  rod.  DSC  scans  were 
conducted  from  room  temperature  to  400  °C  at  10  °C/min 
using  a  Thermal  Analysis  Instruments  (TAI)  model  2920. 
Thermomechanical  analysis,  using  a  TAI  model  2940,  was 
run  at  5  °C/min  on  as-received  and  annealed  samples  in  both 
the  axial  (i.e.,  parallel  to  the  extrusion  axis)  and  radial  (per¬ 
pendicular  to  the  extrusion  axis)  directions.  DMA  analysis 
was  performed  in  a  single  cantilever  configuration  at  1,  10, 
and  100  Hz  over  temperatures  from  —125  to  200  °C. 

In  order  to  determine  the  degree  of  crystallinity  in  the  sam¬ 
ple,  DSC  and  density  measurements  were  conducted,  as  de¬ 
scribed  by  Rae  and  Dattelbaum  [4].  By  employing  the  same 
analysis  and  material  constants  it  is  possible  to  make  direct 
comparisons  between  the  PTFE  9B  reported  in  the  current 
work  and  the  previously  reported  work  on  PTFE  7C  [4—11]. 
The  DSC  scans  were  performed  using  a  TAI  2920  Modulated 
Differential  Scanning  Calorimeter  on  ~  10  mg  samples  with 
10  °C/s  heating  rate.  Density  measurements  were  conducted 
using  helium  gas  pycnometry  (Micromeritics  Accupyc 
1330).  For  an  extensive  review  of  the  methods  for  determining 
crystallinity  in  PTFE  see  Lehnert  et  al.  [38].  More  recent  work 
using  modulated-DSC  have  sought  to  obtain  additional  insight 
in  the  structure  of  PTFE  by  separation  of  the  reversible  and 
non-reversible  heat  flow  [39,40];  however,  this  is  beyond  the 
scope  of  the  current  work. 

The  samples  were  tested  across  a  range  of  strain  rates  from 
10-2  to  104,  at  room  temperature.  An  Instron  model  1332  was 
used  for  quasi-static  loading,  in  which  the  samples  were  nom¬ 
inally  8  mm  diameter  by  3.5  mm  thick.  It  is  generally  accepted 
that  quasi-static  compression  samples  should  have  a  length  to 
diameter  ratio  of  2:1.  However,  in  these  experiments,  samples 
with  dimensions  identical  to  those  used  for  the  split  Hopkinson 
pressure  bar  were  tested.  The  strain  in  the  sample  was  deter¬ 
mined  from  crosshead  displacement,  and  the  stress  was  deter¬ 
mined  from  the  load  cell  output.  All  data  was  acquired  using 
Instron ’s  Merlin  software. 

Compression  experiments  at  intermediate  strain  rates  (103— 
104)  were  conducted  using  two  split  Hopkinson  pressure  bars 
(SHPB)  [41,42],  a  schematic  diagram  of  which  can  be  seen  in 
Fig.  1.  The  majority  of  the  experiments  were  conducted  using 
the  SHPB  system  located  at  AFRL/MNME,  Eglin  AFB,  FL, 
which  is  comprised  of  1524  mm  long,  19  mm  diameter  inci¬ 
dent  and  transmitted  bars  of  440-HT  stainless  steel  or  6061- 
T6  aluminum.  The  striker  is  305  mm  long  and  made  of  the 
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Fig.  1.  Schematic  of  split  Hopkinson  pressure  bar  (SHPB)  experimental  set-up. 


same  material  as  the  other  bars.  The  remainder  were  per¬ 
formed  using  the  SHPB  system  at  the  Cavendish  Laboratory, 
University  of  Cambridge,  which  consists  of  500  mm  long, 
12.7  mm  diameter  incident  and  transmitted  bars  with  a 
200  mm  striker  bar  of  grade  300  maraging  steel.  The  samples, 
which  were  nominally  8  mm  diameter  by  3.5  mm  thick  or 
5  mm  diameter  by  2.5  mm  thick,  depending  on  strain  rate, 
are  positioned  between  the  incident  and  transmitted  bars. 
The  bar  faces  were  lightly  lubricated  with  paraffin  wax  to  re¬ 
duce  friction.  The  properties  of  the  stainless  steel,  aluminum, 
and  maraging  steel  bars  are  given  in  Table  1.  The  Cavendish 
system  was  used,  in  addition  to  the  Eglin  system,  in  order  to 
utilize  the  in  situ  laser  diameter  measurement  system,  which 
is  discussed  later. 

Experiments  at  ultra-high  strain  rates  (105  s-1)  were  con¬ 
ducted  using  a  miniaturized  split  Hopkinson  pressure  bar 
(MSHPB),  which  is,  in  principle,  identical  to  the  full  sized 
SHPB.  However,  the  bars  are  300  mm  long  and  3—3.2  mm 
in  diameter.  Samples  tested  in  this  apparatus  are  nominally 
1.5  mm  diameter  by  0.6  mm  long.  Miniaturized  direct  impact 
bar  systems  have  been  widely  studied  [43—45]  and  Jia  and 
Ramesh  [46]  recently  published  a  comprehensive  analysis  of 
a  similar  miniature  bar  system.  A  major  advantage  of  the  split 
bar  system,  over  direct  impact,  is  that  mechanical  equilibrium 
in  the  specimen  may  be  confirmed  by  comparing  one-  and 
two- wave  analyses,  as  described  by  Gray  [41].  The  goal  is 
to  have  the  two-wave  stress  oscillate  around  the  one-wave 
stress  (see  Ref.  [41],  Fig.  6).  This  shows  that  stress  state  at 
the  two  ends  of  the  sample  are  temporally  nominally  the 
same.  The  concern  would  be  that  the  two-wave  stress  would 
not  oscillate  around  the  one-wave  stress,  which  would  suggest 
a  stress  gradient  throughout  the  material  thus  making  measure¬ 
ment  of  the  material  response  impossible.  In  this  case,  the 
oscillations  are  expected.  All  data  in  the  paper  is  from  the 
one-wave  analysis,  which  is  the  traditional  presentation  of 
split  Hopkinson  pressure  bar  data.  The  MSHPB,  at  Eglin 
AFB,  provides  the  opportunity  to  test  materials  up  to  strain 
rates  of  105  s_1,  with  tungsten  carbide  (WC)  and  titanium 
alloy  (Ti— 6A1— 4V)  bar  materials  available.  The  properties 
of  these  bar  materials  are  also  listed  in  Table  1 . 

For  all  bar  systems,  the  properties  of  the  sample  are  deter¬ 
mined  by  measuring  the  incident,  reflected,  and  transmitted 


Table  1 


Selected  properties  of  the  bar  materials  used  in  the  SHPB  and  MSHPB 


Material 

Density 

P 

(kg/m3) 

Wave  speed 
(acoustic) 

c 

(km/s) 

Impedance 

(acoustic) 

Z  =  pc 

(xl07kgm-2s-1) 

Yield 

stress 
aY  (MPa) 

440-HT 

6157 

5.542 

3.41 

1970 

stainless  steel 

6061-T6  Al 

2716 

5.039 

1.36 

290 

British 

8082 

4.835 

3.90 

758 

maraging  steel 

WC 

14527 

6.316 

9.18 

2600 

Ti6A14V 

2709 

5.039 

1.37 

1000 

Density,  acoustic  wave  speed,  and  impedance  are  measured  from  the  bar 
materials.  Yield  stresses  are  literature  values. 
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strain  signals,  el9  sR,  and  £T,  respectively,  using  Kulite  AFP- 
500-90  semiconductor  strain  gages.  These  gages  are  smaller 
(1  mm  long)  than  traditional  foil  gages  and  have  a  much 
higher  gage  factor  (140).  The  gages  form  part  of  a  potential 
divider  circuit  with  constant  voltage  excitation,  which  trans¬ 
forms  the  resistance  change  of  the  gages  to  a  voltage  change 
and  compensates  for  temperature  changes.  The  strain  gages 
are  dynamically  calibrated  in  situ  by  performing  a  number 
of  impacts  with  carefully  measured  striker  bar  velocities. 
From  the  measured  impact  velocity  and  mass  of  the  striker, 
the  force  amplitude  of  the  stress  pulse  introduced,  F,  can  be 
determined  and  compared  to  the  voltage  output,  V,  from  the 
strain  gages  to  give  a  calibration  in  the  form: 

F  =  KV(l+bV),  (3) 


where  K  and  b  are  calibration  factors. 

The  full  derivation  of  the  data  reduction  used  to  calculate 
the  strain  rate  and  stress  in  the  specimen,  as  functions  of 
time,  can  be  found  in  Refs.  [41,42].  In  order  to  make  represen¬ 
tative  measurements  of  material  properties,  it  is  necessary  that 
the  specimen  achieves  mechanical  equilibrium  during  the  ex¬ 
periment,  and  this  is  sometimes  assumed  as  it  makes  the  strain 
rate  calculation  more  straightforward  [41].  The  software  used 
in  the  experiments  presented  in  this  paper  performs  the  one- 
and  two-wave  analyses  automatically  for  every  specimen,  so 
stress  state  equilibrium  is  verified  in  every  experiment.  How¬ 
ever,  the  calculation  of  strain  rate  does  not  assume  mechanical 
equilibrium,  rather  it  uses  all  three  of  the  incident,  reflected 
and  transmitted  force  pulses  to  calculate  specimen  strain  rate 
through  the  following  equation: 


K*)  = 


(£i(0  —  £r(0  —  £t(0)> 


(4) 


In  order  to  confirm  volume  conservation,  the  diameter  of 
the  expanding  PTFE  specimens  was  measured  in  situ  on  the 
Cambridge  SHPB  system  using  laser  diameter  measurement 
[26,47].  The  radial  expansion  measurements  can  be  used  to 
test  the  constant  volume  assumption  of  the  SHPB  equations. 
The  Poisson’s  ratio,  v ,  during  the  experiment  can  be  calculated 
by 


where  er  and  sa  are  the  radial  and  axial  strains,  respectively. 
This  is  a  pragmatic  engineering  extension  of  the  Poisson’s 
ratio,  which  is  only  defined  for  small  elastic  strains. 

3.  Results  and  discussion 

3.1.  Thermomechanical  analysis  and  crystallinity 

Thermomechanical  analysis  and  differential  scanning  calo¬ 
rimetry  before  and  after  annealing  and  dynamic  mechanical 
analysis  after  annealing  were  conducted  on  the  polytetra- 
fluoroethylene  samples,  shown  in  Figs.  2  and  3.  PTFE  is  a 
complicated  material  with  several  phase  changes  [13].  At  at¬ 
mospheric  pressure,  PTFE  undergoes  two  crystal— crystal 
phase  transitions  from  a  triclinic  crystal  structure  to  a  hexa¬ 
gonal  structure  at  19  °C  and  from  the  hexagonal  structure  to 
a  pseudohexagonal  structure  at  30  °C.  The  phase  change  at 
19  °C  is  evident  in  the  axial  TMA  scan,  particularly  in  the 
as-received  sample.  Crystalline  melting  is  evident  from  the 
large  endotherm  in  the  DSC  scans  occurring  at  332.8  °C  in 
the  as-received  material  and  330.2  °C  in  the  annealed  material 
compared  to  327  °C  reported  for  PTFE  [13].  The  three 


where  eh  sR,  and  sT  are  the  incident,  reflected  and  transmitted 
strain  pulses  time  shifted  to  the  front  and  rear  faces  of  the 
specimen,  respectively,  Cb  is  the  sound  speed  in  the  bar  mate¬ 
rial,  and  ls  is  the  length  of  the  sample.  This  specimen  strain 
rate  is  then  integrated  to  give  the  strain, 

t 

£(t)  =  J  e(t)dt,  (5) 

0 


and  the  transmitted  strain  pulse  is  used  to  calculate  the 
reported  one-wave  specimen  stress, 


a{t) 


F\)A.)q 


£t  (0> 


(6) 


where  Eh ,  and  Ab  are  the  elastic  modulus  and  cross-sectional 
area  of  the  bar  material,  respectively,  and  As  is  the  cross- 
sectional  area  of  the  sample.  The  two- wave  specimen  stress 
is  calculated  using  Eq.  (4)  with  eT  replaced  by  £X  +  eR.  If 
true  stress  is  required,  As  is  typically  updated  using  the  strain 
calculation,  assuming  that  volume  is  conserved  during 
deformation. 


Temperature  (°C) 


Fig.  2.  Thermomechanical  analysis  (TMA)  and  differential  scanning  calori¬ 
metry  (DSC)  showing  dimensional  change  and  heat  flow,  respectively,  in 
PTFE  across  a  range  of  temperatures. 
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Fig.  3.  Dynamic  mechanical  analysis  of  annealed  PTFE. 


relaxations  of  PTFE  first  reported  by  McCram  [13]  are  present 
in  the  DMA  scans.  The  (3  peak  is  representative  of  a  first 
order  transition,  while  the  a  and  y  peaks  are  second  order 
transitions. 

The  effect  of  annealing  to  reduce  the  residual  stresses  is  ev¬ 
ident  from  the  TMA  data.  In  the  radial  (normal  to  extrusion)  di¬ 
rection,  there  is  little  difference  between  the  as-received  and 
annealed  samples.  However,  a  large  difference  can  be  seen  in 
the  axial  dimension  (parallel  to  extrusion)  change.  This  is  ex¬ 
pected  since,  during  extrusion,  the  long  polymer  chains  and 
crystallites  align  resulting  in  little  dimension  change  with  in¬ 
creasing  temperature  due  to  the  inability  of  these  aligned 
chains  to  stretch  along  the  chain  dimension.  However,  after  an¬ 
nealing,  the  chains  and  crystallites  become  randomized  in  ori¬ 
entation.  During  a  temperature  scan,  the  chains  have  the  ability 
to  stretch  and  extend  away  from  each  other  resulting  in  a  dimen¬ 
sion  change  comparable  to  that  in  the  radial  direction. 

It  can  be  seen  from  the  DMA  data  in  Fig.  3  that  the  phase 
transitions  are  dependent  on  the  rate  at  which  they  were  mea¬ 
sured.  It  is  not  immediately  obvious  in  Fig.  3  that  the  shift  in 
the  transition  temperature  per  decade  of  strain  rate  is  uniform. 
In  order  to  determine  whether  the  different  rates  are  in  fact 
linearly  related,  a  correlation  analysis  is  performed  on  the 
three  data  sets  (at  0.1,  1,  and  10  Hz)  for  both  E  and  tan(<5). 
The  correlation  coefficients  are  given  as  matrices  for  the  three 
data  sets: 


It  is  immediately  obvious  that  the  modulus  data  are  linearly 
dependent  over  the  entire  data  set  (>0.997)  whereas  the 
tan(d)  is  somewhat  less  correlated  although  still  statistically 
significant  (>0.9135).  The  lower  correlation  in  the  tan(<5) 
data  is  likely  due  to  the  substantial  relative  noise. 

The  frequency  at  which  the  DMA  temperature  scans  are 
conducted  can  be  related  to  true  strain  rate  using  the  following 
relationship: 


0.25 


(8) 


where  t  is  the  specimen  thickness,  d  is  the  maximum  displace¬ 
ment  amplitude  during  the  cyclic  load,  and /is  the  frequency 
at  which  the  temperature  scan  was  performed.  The  maximum 
displacement  is  achieved  in  0.25  cycles.  In  this  case,  10  Hz 
frequency  is  equivalent  to  a  strain  rate  of  0.05  s-1.  The  loca¬ 
tion  of  the  peak  in  tan(<5)  versus  strain  rate  allows  the  temper¬ 
ature  shift  of  the  transitions  to  be  calculated.  The  a,  (3,  and  y 
peaks  were  found  to  shift  by  3.8,  3.8,  and  6.2  °C/decade  strain 
rate,  respectively.  These  shifts  can  then  be  used  to  calculate 
the  approximate  temperature  at  which  the  transitions  would 
be  expected  to  occur  at  higher  rates  and,  therefore,  to  under¬ 
stand  their  effect  on  the  measured  mechanical  behavior  at 
high  strain  rates. 

The  fraction  of  both  the  as-received  and  annealed  samples 
made  up  of  the  crystalline  phase  was  quantified  employing 
both  density  and  DSC  methods.  In  order  to  determine  the 
mass  fraction  crystallinity  from  the  DSC  measurements, 
a  heat  of  fusion  (A H®)  for  the  100%  crystalline  material  was 
taken  as  80  J  g_1  and  the  following  equation  was  used: 

A//f  (sample) 


The  mass  fraction  crystallinity  is  determined  from  density 
measurements  using  [4]: 


.  =  (P~Pa) 

C  (Pc -Pa)’ 


(10) 


where  p  is  the  measured  density  of  the  sample,  pa  is  the  extra¬ 
polated  amorphous  density  (2040  kg/m3)  and  pc  is  the  extra¬ 
polated  crystalline  density  2300  kg/m3.  The  constants  are 
taken  directly  from  Rae  and  Dattelbaum  [4],  who  in  turn 
took  them  as  the  averages  of  the  wide  range  of  reported  values 
from  the  literature  as  tabulated  by  Lehnert  [38].  The  measured 
densities,  heats  of  fusion  and  calculated  crystallinities  are  pre¬ 
sented  in  Table  2  and  Fig.  4.  As  a  result  of  employing  these 
literature  values,  these  two  methods  do  not  provide  consistent 


"1.0000 

0.9995 

0.9977" 

Table  2 

Corr(£) 

0.9995 

1.0000 

0.9992 

,  Densities,  heat  of  fusion  and  calculated  crystallinity 

for  as-received  and 

0.9977 

0.9992 

1.0000_ 

annealed  PTFE  compared  to  as-received  PTFE  7C  [4,11] 

"1.0000 

0.9682 

0.9135" 

Density  (kg/m3) 

A//f  (J/g) 

As-received  PTFE 

2177.1  ±0.1 

56  ±  1 

31.0 

39  ±  1 

Co  it  (tan  <5)  = 

0.9682 

1.0000 

0.9787 

Annealed  PTFE 

2166.3  ±0.1 

52  ±1 

29.0 

36  ±1 

0.9135 

0.9787 

1.0000 

As-received  PTFE  7C 

2168.9  ±  0.1 

53  ±1 

30.3 

38  ±1 
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Xc  =  AHfsample/AHf° 


0%  25%  50%  75%  100% 


Fig.  4.  Comparison  of  density,  heat  of  fusion  and  crystallinity  between  as- 
received  and  annealed,  below  the  melt,  materials  in  this  study  and  as-received 
and  annealed,  above  the  melt,  PTFE  from  the  LANL  study  [4]. 


solutions,  which  is  why  the  linear  fit  through  the  data  for  PTFE 
9B  and  PTFE  7C  and  literature  values  for  100%  crystalline 
PTFE  do  not  intercept  the  data  point  for  100%  amorphous 
PTFE.  One  conclusion  could  be  that  the  amorphous  density 
should  be  taken  to  be  pa  =  2087  kg/m3.  This  would  make  the 
calculated  results  of  Eqs.  (9)  and  (10)  much  more  consistent, 
but  would  be  an  arbitrary  extrapolation  and  would  make 
comparison  of  the  current  values  to  the  literature  more 
abstract.  Lehnert  [38]  reported  on  the  inconsistency  between 
methods  of  calculating  crystallinity  in  PTFE  —  showing  equal 
or  greater  variation  for  other  methods  (IR,  WAXS,  NMR, 
etc.)  —  although  all  showed  similar  trends. 

Both  of  these  methods  assume  two  distinct  phases:  unor¬ 
iented  amorphous  and  crystalline  PTFE.  They  do  not  account 
for  any  porosity,  which  tends  to  be  very  low  in  PTFE,  or  the 
transition  zones  between  the  amorphous  and  crystalline 
regions.  Moreover,  PTFE  cannot  be  manufactured  as  either 
purely  amorphous  or  crystalline,  so  the  values  of  A H®,  pa, 
and  pc  must  all  be  extrapolated  from  experimental  measure¬ 
ments.  The  DSC  method  captures  only  the  mass  fraction  of 
purely  thermodynamically  crystalline  PTFE  and  A H®  is  rela¬ 
tively  invariant  on  the  manufacturing  process.  The  density 
method  on  the  other  hand  is  a  much  more  empirical  relation¬ 
ship  and  is  sensitive  to  variations  in  the  amorphous  density 
associated  with  changes  in  free  volume  as  determined  by  the 
manufacturing  process  and  unoriented  versus  oriented  amor¬ 
phous  structure.  This  latter  point  is  particularly  relevant  in 
the  current  work  where  the  as-received  material  exhibits 
strong  anisotropy  due  to  the  extrusion  process  whereas  the 
annealed  material  is  much  more  isotropic. 

It  is  worth  noting  that  the  range  of  crystallinities  for  the 
current  study  is  relatively  small  compared  to  the  study  of 
Rae  and  Dattelbaum  [4].  Moreover,  the  annealing  process 


actually  results  in  a  small  reduction  in  crystallinity  in  the  cur¬ 
rent  study  rather  than  the  significant  increase  shown  in  Fig.  4. 
In  the  current  work  the  annealing  process  employed  does  not 
exceed  the  melt  temperature  of  PTFE  and  is  aimed  at  reducing 
the  material’s  anisotropy.  Increasing  the  crystallinity  requires 
the  additional  mobility  of  the  polymer  chains  achieved  by 
a  temperature  excursion  about  the  melt  temperature.  The  slight 
reduction  in  crystalline  fraction  seen  is  likely  due  to  disruption 
of  the  crystalline  domains  necessary  for  the  reorientation  of 
the  amorphous  domains. 

3.2.  Mechanical  characterization 

Mechanical  characterization  experiments  were  performed 
on  the  as-received  and  annealed  PTFE  at  room  temperature 
in  the  extrusion  direction  across  a  range  of  strain  rates  from 
10-3  to  4  x  105  s"1.  The  results  are  outlined  in  Figs.  5  and 
6.  In  these  figures,  the  curves  represent  averages  of  3  to  5 
experiments  per  strain  rate,  with  approximately  4%  variation 
between  measured  curves. 

Specimen  equilibrium  in  the  high  strain  rate  experiments 
was  verified  by  comparing  the  one-wave  stress,  calculated 
from  the  transmitted  pulse,  and  the  two-wave  stress,  deter¬ 
mined  from  the  incident  and  reflected  pulses,  to  determine  if 
the  two-wave  stress  oscillates  around  the  one-wave  stress 
[41,48].  It  can  be  seen  from  Fig.  7(a)  and  (b)  that  this  occurs 
in  samples  tested  in  both  the  SHPB  and  the  MSHPB,  for  strain 
levels  above  5  and  10%,  respectively.  In  the  SHPB  samples, 
a  constant  strain  rate  is  also  observed.  In  the  MSHPB  samples, 
the  strain  rate  increases  slightly  over  the  course  of  the 


Fig.  5.  As-received  polytetrafluoroethylene  tested  in  compression  across 
a  range  of  strain  rates  at  room  temperature. 
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Fig.  6.  Annealed  polytetrafluoroethylene  tested  in  compression  across  a  range 
of  strain  rates  at  room  temperature. 


experiment  but  this  can  be  corrected  by  careful  choice  of 
a  wave- shaping  (programming)  material  to  alter  the  input 
pulse  [41,48-51]. 

Comparison  of  the  as-received  and  annealed  PTFE  is 
presented  for  three  strain  rates  in  Fig.  8 (a— c).  It  can  be  seen 
that  the  annealed  material  has  consistently  higher  strength 
than  the  as-received  material  at  each  rate.  Generally,  the 
strength  of  PTFE  is  thought  to  be  proportional  to  the  crystal¬ 
linity  percentage  [4].  However,  in  the  as-received  versus 
annealed  samples  in  this  study,  the  opposite  was  found  to  be 
true,  which  agrees  with  studies  performed  on  other  semi¬ 
crystalline  polymers  [52].  It  is  hypothesized  that  the  effect 
of  alignment  from  extrusion  plays  a  much  greater  role  in  the 
strength  of  the  PTFE  than  the  small  difference  in  crystallinity 
between  the  as-received  and  annealed  samples.  In  the  as- 
received,  extruded  sample,  the  polymer  chains  are  mainly 
aligned  in  the  direction  of  the  extrusion,  which  is  also  the 
direction  of  testing.  This  is  confirmed  by  the  TMA  analysis 
where  the  behavior  of  the  as-received  material  in  the  axial 
direction  indicates  much  less  axial  expansion.  When  testing 
the  as-received  material  in  compression,  the  sample  com¬ 
presses  in  the  direction  of  the  chain  alignment,  while  very  little 
chain  stretching  in  the  radial  direction  occurs.  However,  the 
chains  have  a  much  more  random  orientation  in  the  annealed 
sample  as  confirmed  by  the  TMA  data  and,  consequently,  the 
expansions  in  the  axial  and  radial  directions  are  very  similar 
(isotropic).  In  the  annealed  material,  more  regions  of  chains 
are  therefore  perpendicular  to  the  loading  direction,  making 
it  more  difficult  for  the  sample  to  expand  radially  and  thus 
increasing  the  strength. 


It  is  well  known  that  polymers  exhibit  a  rise  in  temperature 
associated  with  deformation,  however,  the  authors  put  forward 
that  the  temperature  increase  during  testing  should  be  minimal 
and  insufficient  to  drive  the  material  through  the  phase  IV  to  I 
transition.  Rae  and  Dattelbaum  [4]  directly  measured  the 
temperature  rise  due  to  compressive  deformation  out  to  a 
true  strain  of  50%  showing  a  temperature  of  less  than  3  °C 
and  concluding  that  the  temperature  excursion  would  not  be 
sufficient  for  a  phase  transition.  Additionally,  Brown  et  al. 
[10]  measured  the  yield  stress  of  PTFE  as  a  function  of 
temperature  at  strain  rates  of  0.001  and  3200/s.  While  the 
observation  of  a  change  in  slope  of  yield  stress  as  a  function 
of  temperature  associated  with  Tg  is  well  documented  to  shift 
to  higher  temperatures  with  strain  rate,  the  change  in  slope  of 
yield  stress  as  a  function  of  temperature  associated  with  the 
phase  transition  in  PTFE  occurs  at  constant  temperature  inde¬ 
pendent  of  strain  rate.  If  the  temperature  rise  was  sufficient 
to  push  the  materials  through  the  phase  transition,  one  would 
expect  that  the  ambient  temperature  at  which  the  phase 
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Fig.  7.  One- wave  versus  two- wave  stress  analysis  and  strain  rate  versus  strain 
for  (a)  split  Hopkinson  pressure  bar  and  (b)  miniaturized  split  Hopkinson 
pressure  bar. 
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transition  is  observed  would  (a)  be  lower  than  the  30  °C  tem¬ 
perature  observed  by  DSC  and  (b)  would  shift  to  lower  tem¬ 
peratures  with  increasing  strain  rate.  Neither  of  these  hold  to 
be  true.  That  said  it  is  clear  that  there  is  a  very  distinct  transi¬ 
tion  in  phase  II  versus  phase  I.  The  temperature  between  tests 
prevents  a  clear  observation  on  the  phase  IV  response,  other 
than  saying  it  presents  a  smooth  continuous  transition  between 
the  phases. 

From  the  measurements  of  radial  and  longitudinal  strain, 
the  Poisson’s  ratio  of  a  number  of  specimens  was  calculated 
as  a  function  of  true  strain,  Fig.  9.  Three  curves  for  annealed 
samples  tested  at  the  same  strain  rate,  ~  2300/s,  are  presented, 
in  addition  to  a  representative  curve  for  the  as-received  sam¬ 
ples  at  the  same  strain  rate.  At  low  strains  the  results  are  noisy 
due  to  the  small  size,  and  therefore  relatively  large  error  in  the 
radial  strains.  However,  in  all  cases  the  strains  settle  to  an  ap¬ 
proximately  constant  value,  0.5  =b  0.1,  at  true  strains  of  0.1  and 
above,  which  corresponds  to  the  sample  having  yielded  and 
flowed.  This  is  similar  to  observations  by  Rae  and  Dattelbaum 
[4]  at  quasi- static  strain  rates,  where  the  data  was  taken  from 
two  strain  gages  mounted  on  the  sample.  The  results  indicate 
that  volume  is  approximately  conserved  in  the  specimens  dur¬ 
ing  deformation.  As  well  as  giving  useful  insight  for  modeling 
purposes,  these  results  support  the  use  of  volume  conservation 
in  the  calculation  of  true  specimen  stress. 

In  order  to  compare  the  data  acquired  in  this  study  on  as- 
received  and  annealed,  extruded  PTFE  9B,  with  the  data 
from  other  studies  on  PTFE  [2—4],  the  strength  at  constant 
strain,  15%,  was  determined.  It  can  be  seen  from  Fig.  10 
that,  although  the  PTFE  presented  was  prepared  by  different 
processing  methods,  the  data  follows  the  same  general  trend 
and  exhibits  a  bilinear  dependence  of  strength  on  log  e  at 
room  temperature.  However,  there  is  some  variability  in  the 
data  presented,  which,  for  the  most  part,  is  due  to  the  different 
processing  methods  as  well  as  types  of  PTFE  —  as-received 
and  annealed  PTFE  9b  (this  study),  PTFE  7a  and  7c  (Rae 
and  Dattelbaum  [4])  and  two  unspecified  forms  (Walley  and 
Field  [1,3]  and  Gray  et  al.  [2]).  There  is  an  outlying  point  in 
the  Walley  and  Field  [3]  data  at  a  strain  rate  of  0.016/s.  An  ex¬ 
planation  for  the  scatter  was  not  provided  by  the  authors,  but 
may  be  due  to  the  different  test  apparatus  used  to  acquire  data 
at  the  wide  range  of  strain  rates  presented  in  the  paper. 

A  mapping,  similar  to  that  used  by  Siviour  et  al.  [25,26], 
can  be  used  to  relate  temperature  to  strain  rate  for  PTFE 
data  from  this  study  and  from  the  literature.  The  aim  of  this 
mapping  is  to  provide  an  understanding  of  how  the  lower  order 
transitions  (in  this  case  (3  and  y)  affect  the  strength  of  a  poly¬ 
mer  at  high  strain  rates.  In  particular,  it  was  motivated  by  a 
requirement  to  understand  the  bilinear  dependence  of  the 
strength  of  many  polymers  on  lo g(e).  Firstly,  it  is  noted  that 
increasing  the  temperature  at  which  an  experiment  is  per¬ 
formed  is  linearly  equivalent  to  decreasing  log(e).  Therefore, 
a  series  of  experiments  performed  at  a  range  of  temperatures 
and  strain  rates  can  be  mapped  to  a  single  ‘master’  curve  of 


Fig.  8.  Comparison  between  as-received  and  annealed  PTFE  at  (a)  quasi- static, 
(b)  intermediate  and  (c)  high  strain  rates  at  room  temperature. 
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Fig.  9.  Poisson’s  ratio  as  a  function  of  true  strain  for  as-received  and  annealed 
PTFE  determined  from  in  situ  laser  diameter  measurement  and  high  speed 
photographic  record. 


strength  against  equivalent  temperature  (Tmap)  at  a  single 
strain  rate  (£map).  This  is  a  pragmatic,  empirically  based  line¬ 
arization  and  extension  to  large  strains  of  the  well-known 
WLF  formula  [53].  The  master  curve  produced  by  this  mapping 
can  then  be  compared  directly  to  DMA  data  from  the  same 
material.  In  addition  the  DMA  data  also  allow  evaluation  of  the 
frequency  (or  strain  rate)  dependence  of  the  temperatures  at 
which  the  lower  order  transitions  occur.  Careful  extrapolation 
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of  this  dependence  to  high  strain  rates  and  comparison  to  the 
‘master’  curve  allows  the  different  gradients  of  the  master 
curve  to  be  related  to  the  lower  order  transitions.  Comparison 
back  to  the  curve  of  strength  against  lo g(e)  further  allows  the 
dependence  of  this  strength  to  be  understood  in  terms  of  lower 
order  transitions.  Effectively,  we  are  seeing  the  strain  rate  at 
which  lower  order  transition  temperatures  shift  to  room 
temperature. 

In  order  to  apply  the  mapping,  a  suitable  strain  rate  £map  is 
first  chosen.  This  is  most  conveniently  one  of  the  strain  rates 
that  was  used  in  the  experimental  program,  and  in  this  case 
two  rates  were  used:  0.1  s-1  and  3200  s_1.  The  value  Tmap, 
is  defined  as 

Tmap  =  T"exp  +  A  (log  (£map)  -  log  (eexp)  )  (11) 

where  the  subscript  exp  indicates  the  experimental  values  of 
strain  rate  and  temperature.  A  is  a  constant  fit  from  the  exper¬ 
imental  data,  giving  a  value  of  A  =  8.  Mapping  the  experimen¬ 
tal  data  presented  in  Fig.  10  to  0.1  s-1  and  3200  s-1  results  in 
the  curves  presented  in  Fig.  11.  This  mapping  is  important  for 
three  reasons: 

(1)  It  allows  more  accurate  comparison  of  experimental  stud¬ 
ies  performed  at  slightly  different  strain  rates  and  temper¬ 
atures.  In  particular,  small  changes  in  temperature  have 
a  large  effect  on  polymer  strength,  and  data  which  look 
disparate  in  Fig.  10  are  brought  closer  together  by  taking 
this  into  account. 

(2)  By  relating  the  strain  rate  dependence  of  the  material  to  its 
temperature  dependence,  it  is  confirmed  that  the  bilinear 
relationship  between  strength  and  strain  rate  is  a  material 
property,  and  is  not  the  result  of  inertia  or  equilibrium 
effects  in  the  high  strain  rate  experiments. 


Fig.  11.  PTFE  strength  data  from  this  study,  Walley  et  al.  [1],  Rae  and  Dattel¬ 
baum  [4],  and  Gray  et  al.  [2]  mapped  to  0.1  s-1  and  3200  s_1. 
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(3)  Curves  such  as  this  allow  us  to  relate  the  large-strain 
behavior  to  the  effect  of  different  material  transitions.  In 
this  case,  it  is  seen  that  the  bilinear  strain  rate  response 
is  due  to  the  y  transition  in  PTFE. 

However,  care  must  be  taken  when  interpreting  these  data. 
Firstly,  it  is  noted  that  the  data  in  Figs.  10  and  1 1  are  similar  to 
yield  strengths,  whereas  the  DMA  data  are  small  strain  mod¬ 
uli.  This  means  that  the  typical  WLF  constants  for  a  material 
will  not  necessarily  be  the  same  as  the  constant  in  Eq.  (11). 
Further,  the  polymer  transitions  have  different  dependences 
on  frequency,  typically  they  are  spaced  closer  together  at 
higher  frequencies.2  Overall,  therefore  the  gradients  observed 
in  Fig.  11  are  not  directly  comparable  to  those  in  the  DMA 
data  —  however,  the  position  of  the  transitions  on  the  temper¬ 
ature  axis  does  not  depend  on  whether  modulus  or  yield 
strength  is  used.  Thus,  the  extrapolation  of  the  transition  tem¬ 
peratures  to  high  strain  rate  should  give  the  correct  positions 
(see  also  Refs.  [25—27]),  as  would  an  ultra-high  frequency 
DMA  experiment.  Finally,  it  should  be  noted  that  some  phase 
changes  (e.g.  melting)  are  not  frequency  dependent  and  occur 
at  the  temperature  at  high  strain  rates  as  they  do  in  the  DMA. 

3.3.  Application  of  the  Zerilli— Armstrong  model 

The  Zerilli— Armstrong  model  for  polymers  was  imple¬ 
mented  and  compared  to  the  static  and  dynamic  stress— strain 
data  using  a  Matlab-based  code.  The  code  iteratively  solves 
Eq.  (1),  using  a  built-in  explicit  Runge— Kutta  solver  ( ode45 ), 
embedded  within  a  model-based  maximum  a  posteriori  esti¬ 
mator  to  determine  the  model  coefficients.  The  value  of  plastic 
strain  rate  at  each  iteration  is  found  by  equating  the  sum  of  the 
viscous  stresses  and  the  plastic  stress  and  solving  for  plastic 
strain  rate  which  is  found  through  a  root-finding  routine 
(fzero).  The  total  strain  rate  is  assumed  to  be  constant.  The 
behavior  of  the  model  at  low  strain  rates  (<10-3  s_1)  was 
problematic  in  the  analysis.  The  available  solvers  do  not  have 
explicit  control  of  the  time  stepping  function  and  tended  to  fail 
to  converge  due  to  insufficient  sampling.  The  problem  was 
ultimately  diagnosed  as  numerical  instability  associated  with 
the  very  low  flow  mobilities.  Although  this  problem  only 
occurs  at  low  strain  rates  and  therefore  is  still  useful  for  the 
majority  of  this  data,  it  is  recognized  as  a  limitation  of  our 
approach  and  is  being  addressed. 

The  Zerilli— Armstrong  model,  using  the  constants  pre¬ 
sented  in  Ref.  [36].  Tables  1  and  2  are  compared  to  experi¬ 
mental  data  from  this  study,  shown  in  Fig.  12.  The  percent 
difference  between  the  experiment  and  the  model, 

%difference  =  |  experimental  —  model  |  /experimental  (12) 

varies  from  10—30%  depending  on  the  strain  rate,  after  the 
initial  elastic  region,  which  compares  with  the  agreement 
between  the  model  and  the  Walley  and  Field  [1]  data,  as 


discussed  by  Zerilli  and  Armstrong  [34].  At  small  strains, 
the  model  overpredicts  the  stress  due  to  the  lack  of  a  rate  de¬ 
pendence  in  the  initial  modulus.  Additionally,  at  high  strains 
the  model  overpredicts  the  amount  of  strain  hardening  seen 
experimentally.  This  overprediction  could  be  improved  by 
calibrating  the  model  to  the  experimental  data  in  this  study, 
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2  In  fact,  if  the  experimental  data  showed  less  scatter,  it  may  be  necessary  to  Fig.  12.  Comparison  of  Zerilli— Armstrong  model  to  (a)  as-received  and 

use  a  larger  number  of  parameters  to  take  this  into  account.  (b)  annealed  PTFE  experimental  data  using  published  parameters  [36]. 
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as  the  comparison  to  data  from  Walley  and  Field  shows  better 
agreement  at  large  strains  [34]. 

4.  Conclusions 

The  properties  of  extruded,  as-received,  and  annealed 
Dupont  9B  polytetrafluoroethylene  (PTFE)  were  investigated 
at  strain  rates  from  10-3  to  105  s-1.  The  annealed  PTFE  had 
lower  crystallinity  and  yet  showed  anomalously  higher 
strength  than  the  as-received  PTFE,  which  was  attributed  to 
the  orientation  of  the  polymer  chains  during  the  extrusion  pro¬ 
cess.  The  data  measured  in  this  study  was  compared  to  that 
presented  in  the  literature,  and  the  bilinear  stress— strain  rate 
relationship  was  confirmed  using  time— temperature  super¬ 
position.  Whilst  the  different  transitions  in  PTFE  cause  more 
spread  in  these  data  than  in  previous  studies  on  different  poly¬ 
mers,  the  results  allow  the  dependence  of  the  bilinear  relation¬ 
ship  attributed  to  the  y  transition.  Finally,  the  experimental 
data  was  analyzed  using  the  Zerilli— Armstrong  model  for 
polymers  with  reasonable  agreement  to  experimental  values. 
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